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A TECHNIQUE FOR GENERATING ARBITRARILY SHAPED 
CURVED  APPROACH  PATHS 

Walter J. McConnell Jr. 
'Sperry  Fl ight   Sys tems 

Th i s   r epor t   desc r ibes  a technique for c rea t ing   and   u s ing ,   i n   con junc t ion  
w i t h   e i t h e r   a u t o m a t i c   o r  manual   gu idance ,   a rb i t ra r i ly   curved   f l igh t   pa ths .  
This  technique was developed   for   the  NASA VTOL Approach  and  Landing  Technology 
(VALT) program. One o f   t h e   o b j e c t i v e s  of t h i s  program is to   i nves t iga t e   ope ra -  
t i ng   t echn iques   fo r  VTOL a i r c r a f t   i n   t h e   t e r m i n a l   a r e a   e n v i r o n m e n t .   I n   o r d e r  
to   accompl ish   th i s   ob jec t ive ,  i t  was necessary   to   deve lop  a technique   tha t  
would a l l o w   t h e   c r e a t i o n   a n d   i n v e s t i g a t i o n   o f   v i r t u a l l y   a n y   f l i g h t   p a t h ,   n o t  
just   those  defined  by  simple  mathematical   forms. 

The t echn ique   deve loped   u t i l i ze s   s t r a igh t   l i nes   and   e l l i p t i ca l   s egmen t s  
to  connect a series o f   d a t a   p o i n t s   i n t o  a cont inuous  approach  path.   Digi ta l  
computer  software w a s  generated  to   implement   the  technique  in   the NASA VALT 
system.  Software w a s  a l so   c r ea t ed   t o   a l l ow  the   gene ra t ion   o f   a rb i t r a r i l y   shaped  
a l t i t u d e  and   speed   p ro f i l e s   i n   con junc t ion   w i th   t he  la teral  curved  paths. 
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INTRODUCTION 

In  June  of   1973,  NASA/LaRC, Hampton, Virgini,a  awarded  contract  NASI-12365 
to   Spe r ry   F l igh t   Sys t ems   fo r   t he   des ign   and   f ab r i ca t ion  o f  a D i g i t a l  Naviga- 
t i on   Sys t em  to   be   u sed   i n   con junc t ion   w i th  a modified CH-47B h e l i c o p t e r .  The 
work performed  under t h i s   c o n t r a c t  i s  a p a r t   o f   t h e  NASA/ARMY VTOL Approach 
and  Landing  Technology (VALT) p rogram  des igned   t o   i nves t iga t e   t he   ope ra t ing  
envelope   and   p i lo t ing   procedures   for  VTOL a i r c r a f t   i n   t h e   t e r m i n a l  area. 

The ope ra t ion   o f  VTOL a i r c r a f t  i n  the  urban  environment  requires com- 
p l ex   l and ing   approach   t r a j ec to r i e s   t ha t   ensu re   adequa te   c l ea rance   f rom  o the r  
t r a f f i c  and  obstruct ions  and  provide  the most d i r e c t   r o u t i n g   f o r   e f f i c i e n t  
ope ra t ions .  I t  has become increas ingly   ev ident   f rom  prev ious   research   tha t  
c o p i n g   w i t h   t r a j e c t o r i e s  of t h i s   t y p e  w i l l  r e q u i r e   b o t h   s i g n i f i c a n t  improve- 
ments in   handl ing   qua l i t i es   th rough  the   deve lopment   and   appl ica t ion   of   ad-  
vanced  control   and  display  technology  and  operat ing  techniques  that   re ly  
heav i ly  on  automation. 

Many yea r s   o f   r e sea rch   have   l ed   t o   t he   ab i l i t y   t o   pe r fo rm  au tomat i c   l and -  
ings  in  Conventional  Take-off  and  Landing (CTOL) a i r c r a f t .  There are,  however 
many fundamen ta l   d i f f e rences   i n   bo th   t he   veh ic l e s   and   t he i r   t e rmina l   env i ron -  
men t s   t ha t   p rec lude   d i r ec t   t r ans fe r   o f  CTOL automatic   landing  techniques  to  
VTOL a i r c ra f t .   Fu r the rmore ,  VTOL a i r c r a f t   p o s s e s s  many un ique   cha rac t e r i s t i c s  
t h a t   c o u l d   b e   u t i l i z e d   t o   d e a l   e f f e c t i v e l y   w i t h   a d v e r s e  wind conditions  and  en- 
hance   in tegra t ion   wi th   the  a i r  t r a f f i c   con t ro l   sys t em.   In   o rde r   t o   deve lop   t he  
navigation,  guidance,  control  and  f l ight-management  technology  base  needed  to 
es tabl ish  system  design  concepts   and  operat ing  procedures   for  VTOL short-haul  
t ranspor ta t ion   sys tems,   the   Langley   Research   Center   has   in i t ia ted   the  VALT pro- 
gram. A s  p a r t   o f   t h i s   e f f o r t ,  a f l i g h t   i n v e s t i g a t i o n   o f   t h e   s t e e p ,   d e c e l e r a t i n g ,  
curved  path,   approach  task w i l l  be  undertaken as a con t inua t ion   o f   t he  work pre- 
s en ted   i n   Re fe rence  1 .  

I n   o rde r   t o   conduc t   such   an   i nves t iga t ion  a technique w a s  needed   tha t  
could  be  used t o  gene ra t e   a rb i t r a r i l y   shaped   l a t e ra l   cu rved   pa ths   and   p rov ide   t he  
necessary  guidance  information  required  to   f ly   such a pa th .   Th i s   r epor t  w i l l  
d e s c r i b e   t h e   t e c h n i q u e   t h a t  w i l l  be   used   to   genera te   such   pa ths   for   the  VALT 
sys tem.   This   e f for t  w a s  c a r r i e d   o u t  as p a r t   o f  a l a r g e r   p r o j e c t   t o   d e v e l o p  
a system  that  w i l l  be  used i n   c o n j u n c t i o n   w i t h   t h e  NASA VALT CH-47B t o   i n v e s t i -  
g a t e   t h e  VTOL approach  problem.  Reference 2 is a complete   report   on  the  devel-  
opment of   that   system. 
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I 

VALT  SYSTEM  DESCRIPTION 

The NASA  VALT System is an  integrated  hardware  and  software  package de- 
s igned  to   provide a too l   fo r   i nves t iga t ing   t he   p rob lems   a s soc ia t ed   w i th  ter- 
minal area opera t ions   o f  VTOL a i r c r a f t .  The system is bu i l t   a round  a modified 
CH-47B he l icopter   and   conta ins   research   or ien ted   cont ro l ,   d i sp lay ,   naviga t ion  
and  guidance  subsystems. A block  diagram  of  the VALT system is shown i n  
Figure 1 . 

Research  Aircraf t  

The NASA r e s e a r c h   a i r c r a f t  is  a highly  modified CH-47B h e l i c o p t e r .  The 
a i r c r a f t   c o n t a i n s  a r e s e a r c h   p i l o t   s t a t i o n   i n   t h e   r i g h t   s i d e   c o r k p i t  and a 
s a f e t y   p i l o t   s t a t i o n  on t h e   l e f t   s i d e .  The r e s e a r c h   p i l o t   p o s i t i o n   i n s t r u m e n t  
panel   incorporates  two v ideo   moni tors   for   use   wi th  a ground-based, f l i g h t  
display  research  subsystem. The VALT e n g i n e e r s   s t a t i o n  is  l o c a t e d   i n   t h e  
main cabin area and provides   the   research   engineer   the   capabi l i ty   to   moni tor  
and   con t ro l   t he   en t i r e   sys t em.  The a i r c r a f t  is equipped  with  monitored,   ful l  
a u t h o r i t y ,   a c t u a t o r s   i n   t h e   p i t c h ,   r o l l ,  yaw and c o l l e c t i v e   a x e s .  

Control  System 

The VALT  CH-47B cont ro l   sys tem is a hybrid  combination  of  analog  and  digi-  
t a l  components. The analog  e lements   of   the   system  include  the  sensors ,   the  
a c t u a t i o n   s y s t e m   a n d   t h e   a t t i t u d e   s t a b i l i z a t i o n   p o r t i o n   o f   t h e   c o n t r o l   s y s -  
t e m .  The d ig i t a l   e l emen t s   i nc lude   t he   d ig i t a l   nav iga t ion   sys t em  and   t he  a i r /  
ground  te lemetry  data   l ink.  The d ig i ta l   naviga t ion   sys tem  conta ins   the  
following  components: 

D i g i t a l  Computer.- The primary  hardware component i n   t h e   D i g i t a l  Naviga- 
t i o n  System is the  Sperry  Flight  Systems 1819A D i g i t a l  Computer. The computer 
performs a l l  of   the   computa t ions ,   da ta   format t ing ,   and   log ic   dec is ion  making 
for   the   naviga t ion   sys tem.   In   addi t ion ,   the   computer   cont ro ls   and   d i rec ts   the  
f low  o f   d ig i t a l   da t a   t o   and  from the  remaining  hardware  elements  of  the  system. 

Analog In te r face . -  The in te r face   be tween  the  1819A navigation  computer 
and the ana log   sensors ,   d i sp lays ,   and   ac tua t ion  components is provided  hy  the 
D i g i t a l   I n t e r f a c e   U n i t  (DIU).  The D I U  is  configured  to   provide 30 channels 
of  analog-to-digital   conversion  and 30 channels  of  digital-to-analog  conver- 
s i o n .   I n   a d d i t i o n ,   t h e  D I U  p rov ides   t he   capab i l i t y   t o   i npu t  12 d i s c r e t e s   i n t o  
the  computer   and  to   accept  12 d i s c r e t e s  from  the  computer. 

Control  and  Display.- The man/machine in t e r f ace   func t ion   w i th in   t he  
navigation  system is provided  by two Navigation  Guidance  Control  Panels (Nav/ 
Guidance). The two panels  are i d e n t i c a l   i n   b o t h   a p p e a r a n c e  and operat ion  and 
a l low  s imul taneous   in te r roga t ion   of   the   computer   by   e i ther   the   cockpi t   person-  
n e l   o r   t h e   f l i g h t  test engineer .  The primary  functions  of  the  Nav/Guidance 
panel are mode se lec t ion   and   ind ica t ion ,   parameter   inser t ion ,   and   in - f l igh t  
programming  of t he   d ig i t a l   compute r .  
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Flight  Software.-  The f l i g h t   s o f t w a r e   c o n s f s t s   o f  a group  of  special   pur- 
pose  subroutine  modules,  each  of  which  performs a spec i f i c   computa t iona l   o r  
l og ic   t a sk .   Con t ro l   o f   t he   sub rou t ines  is  maintained  by a master logic  execu- 
tive rout ine   tha t   dec ides   which   subrout ines   should   be   used .   This   dec is ion  is 
based   on   da ta   tha t  is en te red   i n to   t he   sys t em  th rough   e i the r   o f   t he  Nav/ 
Guidance  control   panels .  

Support  Equipment .- A set of Ground Support  Equipment (GSE) p rov ides   t he  
means t o  modify ex i s t ing   so f tware   o r   t o   gene ra t e  new s o f t w a r e   f o r   t h e   d i g i t a l  
computer. The GSE p rov ides   t he   capab i l i t y   fo r   i n t e rac t ive   communica t ion   be -  
tween t h e  programmer  and the  computer as w e l l  as t h e   c a p a b i l i t y   t o   r e a d   i n   o r  
punch out   paper   tapes .  

Ground Support  Software.- The g round   suppor t   u t i l i t y   package   cons i s t s   o f  
five  major  programs  and i s  the   p r imary   too l   for   the   sys tem  programer .   This  
software  package, when used in   conjunct ion   wi th   the   g round  suppor t   equipment ,  
p rovides   the  programmer w i t h   t h e   c a p a b i l i t y   t o  write, debug, e d i t ,  and  assemble 
programs f o r   t h e  1819A computer. 

Radar  Tracking  and Data Link 

The pr imary   naviga t iona l   pos i t ion   in format ion   for   the  VALT system i s  pro- 
vided  through  the  use  of  an FPS-16 t rack ing  radar combined with a laser ranging 
system  located  a t   the   Wallops  Research  Center .  Radar information i s  processed 
on  the  ground  with a d i g i t a l  computer i n   o r d e r   t o   g e n e r a t e  a three-dimensional 
c o o r d i n a t e   f i x .  The X p o s i t i o n ,  Y pos i t i on   and  Z pos i t ion   in format ion  is trans-  
mi t t ed   t o   t he   a i r c ra f t   t h rough   t he .Te leme t ry  Data System (TDS) da ta   l i nk .   Pos i -  
t ion   da ta   update  rates are va r i ab le ,   and  w i l l  be  se t  a t 10 updates  per  second 
i n i t i a l l y .  

A TDS In t e r f ace   Un i t  (TIU) i n   t h e   a i r c r a f t   p r o v i d e s   t h e   i n t e r f a c e   b e t w e e n  
the   da t a   l i nk   and   t he  1819A dig i ta l   computer .  A computer  program  combines t h e  
r a w  p o s i t i o n   d a t a   w i t h   a i r c r a f t   a c c e l e r a t i o n   d a t a   t o   p r o d u c e   i n e r t i a l l y  
smoothed posit ion  information  €or  guidance  computations.   Reference 3 con- 
t a i n s  a d e s c r i p t i o n  of the  technique  used. 
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LATERAL PATH PROBLEM 

The se lec t ion   of   the   geometry   to   be   used   for   genera t ion   of   the  la teral  
curved  path  involves a t radeoff   be tween  versa t i l i ty   and   reasonable  programming 
r equ i r emen t s .   Idea l ly ,   t he   ab . i l i t y   t o   syn thes i ze   any   a rb i t r a ry   pa th   i n   t he  
hor izonta l   and   ver t ica l   p lanes ,   wi th   no   reprogramming,  is des i red .  However, 
t h i s   f l e x i b i l i t y  is l i m i t e d   b y   c e r t a i n   p r a c t i c a l   c o n s t r a i n t s .  The path geo- 
metry  must   be  expressible   in  a mathematical   form  sui table   for   numeric  computa- 
t ion   t echniques .  Also, a i r c r a f t   p o s i t i o n ,   w i t h   r e s p e c t   t o   t h e   d e s i r e d   p o s i t i o n  
on   the .   pa th ,   mus t   be   def inable   such   tha t   e r ror  signals can   be   genera ted .   In  
add i t ion ,   t he   eng inee r ing  work load   in   genera t ing   the   input   parameters   for   the  
computer   to   spec i fy   pa ths   and   pa th   var ia t ions  must be  reasonable .  

A t  f i r s t ,   t h i s  seems a reasonably  s imple  problem,  par t icular ly   to   one 
f a m i l i a r   w i t h   t h e   w i d e s p r e a d   u t i l i z a t i o n   o f   i n t e r a c t i v e   g r a p h i c   d i s p l a y s   f o r  
genera t ing   and   d i sp lay ing   a rb i t ra r i ly   shaped   ob jec ts .  However, the  problem 
contemplated  here is no t   t he   s imp le   one   o f   da t a   d i sp l ay ,   bu t   r a the r   t he   u t i l i -  
zation  of r aw d a t a   i n  a real-time f l igh t   cont ro l   envi ronment .  To s o l v e   t h e  
l a t te r  problem, i t  must be   poss ib l e   fo r   t he   f l i gh t   con t ro l   compute r   t o   de t e r -  
mine a t  a g iven   ins tan t ,   no t   on ly   where   the   a i rc raf t  is ,  but   a lso  where i t  
should  be a t  t h a t   i n s t a n t ,  and   the   necessary   cor rec t ive  maneuver r equ i r ed   t o  
e l imina te   any   e r ro r s .  To accompl ish   th i s ,   p resent   pos i t ion   and   des i red   pos i -  
t i o n  must b e   e x p r e s s i b l e   i n  a mathematical  form  which  allows unambiguous de te r -  
mination of e r rors .   Fur ther ,   the   computa t iona l   load  must b e   s u c h   t h a t   t h e  
r e su l t an t   t h roughpu t   a l l ows   i t e r a t ion   r a t e s   cons i s t en t   w i th   s t ab le   c lo sed - loop  
con t ro l   ope ra t ion .  As an  added  complexi ty ,   ver t ical   and  speed  prof i les  must 
be  expressed as a funct ion  of   dis tance- to-go  a long  the  desired  curved  path.  
Therefore ,  i t  must b e   p o s s i b l e   t o  compute t h i s   d i s t a n c e  on a cont inuous  basis .  

It is poss ib l e   t o   r ep resen t  a d e s i r e d   p a t h   a s  a series o f   s t r a i g h t   l i n e  
segments .   But   for   the   resu l tan t   curve   to   approach   cont inui ty ,   the  number of 
s t r a i g h t   l i n e   s e g m e n t s  so used   mus t   approach   in f in i ty .   This   resu l t s   in   an  
untenable programming l o a d .   I f   t h e  number of  segments  used i s  reduced  to  pro- 
v i d e  a reasonable  programming l e v e l ,   t h e   m a g n i t u d e   o f   t h e   p a t h   d i s c o n t i n u i t i e s  
becomes objec t ionable   even   for   pa ths   o f   re la t ive ly   mi ld   curva ture .   In   addi -  
t i o n ,   i f   t h e  number o f   s t r a igh t   l i ne   s egmen t s  i s  la rge ,   the   p roblem  of   p ro jec t -  
i n g   t h e   a i r c r a f t   p o s i t i o n   o n t o   t h e   p a t h   c a n   p r o d u c e   a m b i g u i t i e s   i n   t h e   d e s i r e d  
pos i t ion   de te rmina t ion .  It is p o s s i b l e   t o   p r o j e c t   t h e   p r e s e n t   a i r c r a f t   p o s i -  
t i o n   o n t o  a s t r a i g h t   l i n e ;   t h e   p r o b l e m  i s  t o  select t h e   c o r r e c t   s t r a i g h t   l i n e .  
This  problem may b e   v i s u a l i z e d  by r e fe rence   t o   F igu re  2 .  Here, a por t ion   o f  
t he   des i r ed   pa th  is approximated   by   s t ra ight   l ine   segments  a ,  b ,  c ,  d and e ,  
and t h e   a i r c r a f t   p o s i t i o n ,  a t  some t i m e ,  i s  shown as P . Assuming d e s i r e d  

progress   a long  the  path is  shown b y   t h e   a r r o w s ,   t h e   a i r c r a f t   s h o u l d   c o r r e c t   t h e  
pos i t ion   e r ror   and   proceed   to  P a t  some t 

tn 9 tn 

t 
n+Y n+Y 

Obvious ly ,   each   s t ra ight   l ine   segment   can   be   represented   mathemat ica l ly ,  
as c a n   t h e   a i r c r a f t   p r o j e c t i o n   o n t o   e a c h   l i n e   a n d   t h e   d i s t a n c e   t o   e a c h   l i n e .  
The problem is ,  then ,   which   pro jec t ion   represents   the   t rue   "des i red"   pos i t ion ,  
and   which   d i s tance   represents   the   cor rec t   "c ross - t rack"   e r ror .   I f   the   shor tes t  
d i s t a n c e  were used, a r e c u r s i v e   s o l u t i o n  would be   requi red   each   computa t iona l  
cycle ,   and it i s  p o s s i b l e  that t h e   a i r c r a f t   d e s i r e d   p o s i t i o n   c o u l d  jump from 
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Figure 2 
Straight  Line Segment Approximation 
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segment to  segment. The former  produces  high  computational  loads,   and  poten- 
t i a l  ambiguity. The lat ter cou ld   p roduce   ob jec t ionab le   d i scon t inu i t i e s  i n  t h e  
d i s t ance - to -go"   computa t ion   w i th   r e su l t an t   d i scon t inu i t i e s   i n   t he   des i r ed  

speed   and   a l t i t ude   p ro f i l e s .   O the r   s t r a igh t   l i ne   app rox ima t ion   t echn iques  
s u f f e r  similar l i m i t a t i o n s .  

II 

Because  of t he   r equ i r emen t   t o   gene ra t e   cu rved   f l i gh t   pa ths   o r   f l i gh t  
pa ths   wi th   one   o r  more curved  segments, i t  i s  d e s i r a b l e   t o   u t i l i z e  some type 
of   curved  l ine  mathematical   equat ion  to   formulate   the  f l ight   path.  Many math- 
ematical forms  could  be  used,  but few have a c losed   form  so lu t ion   for  the pro- 
j e c t i o n  of ac tua l   pos i t i on   on to   t he   des i r ed   pa th .   Recur s ive   so lu t ions   cou ld  
be  defined,  but  they  imply  high  computational  loads  and may s u f f e r  from  conver- 
gence   l imi t a t ions .  Schemes could  be  postulated  where the pa th  i s  predefined as 
a series of mathematically  defined  curves,   but  these would r equ i r e   an   excess ive  
programming load  which  could  seriously l i m i t  t h e   v e r s a t i l i t y   o f   t h e   s y s t e m .  

A r e l a t ive ly   obv ious   t echn ique   fo r   gene ra t ing   cu rved   pa ths   i nvo lves  the 
u s e   o f   s t r a i g h t   l i n e s  combined with some por t ion   of  a simple  geometric  curve,  
such as a c i rc le ,  t o   g e n e r a t e   a n   a r b i t r a r i l y   s h a p e d   p a t h   i n  a piecewise  manner. 
This  type  of  path  construction is a t t r a c t i v e   s i n c e  i t  reduces  the number of  
geometrical   forms  that  must be  handled  by  the  computer down t o  two. In   add i -  
t i on ,   t he   con f igu ra t ion   o f  a par t icu lar   pa th   can   be   readi ly   descr ibed   and  
e a s i l y   v i s u a l i z e d  by a series of   da ta   po in ts   wi thout   the   use   o f   formulae   o r  
equa t ions .   I f   t he   pa rame te r s   t ha t   de f ine  two consecut ive   da ta   po in ts  are care- 
f u l l y   s e l e c t e d  and i f   t he   t ype   o f   cu rved   pa th  segment i s  p rope r ly   s e l ec t ed ,  a 
unique  path  can  be  specif ied by a s imple   da ta   t ab le .  

A n a t u r a l  way t o   d e f i n e   t h e   d a t a   p o i n t s  i s  to   use  the rectangular   coor-  
d ina te   sys tem  to   represent   the   des i red   x ,  y p o s i t i o n   o f   t h e   a i r c r a f t  a t  a ser- 
i e s  of   po in ts  on the   pa th .   In   add i t ion ,   t he   des i r ed   s lope   o r   pa th   head ing   can  
be   used   to   spec i fy   the   d i rec t ion   of   the   pa th   o f   each   da ta   po in t .  Once t h e  
da t a   po in t s  are s p e c i f i e d   i n   t h i s  manner, i t  then becomes necessary  to   determine 
what  type  of  mathematical  curved  segment  can  be  used  to  connect  the  various 
da t a   po in t s .  

The form  of the  curved  segment  used  to  join  the  data  points w i l l  be   d ic -  
t a t e d  by the   requi rement   to   p rovide  a cont inuous   pa th   be tween  the   da ta   po in ts .  
This requi rement   e l imina tes   asymptot ic   conic   sec t ions   such  as hyperbolas  and 
parabolas   s ince   the  u s e  of  these  types  of  curves w i l l  produFe small, b u t   s i g n i -  
f ican t ,   pa th   d i scont inui t ies .   Ci rcu lar   segments   could   be   used;   however ,   the  
se l ec t ion   o f   c i r cu la r   s egmen t s  w i l l  r equi re   the   use   o f  a s t r a i g h t   l i n e   e x t e n -  
s i o n  from  one  of  the two d a t a   p o i n t s   i n  a l l  b u t  a few s p e c i a l   c a s e s .   I n   a d d i -  
t ion ,   th i s   t echnique   produces   pa ths   tha t  are somewhat d i f f i c u l t   t o   v i s u a l i z e  
and  which r equ i r e   ex t r a   da t a   po in t   i n fo rma t ion   i n   o rde r   t o   de f ine   where   t he  
s t r a igh t   l i ne   ex t ens ion   shou ld   be   p l aced .  The e l l i p s e ,  however,  provides a 
curved  segment   that   readi ly   f i ts   the   requirements   out l ined  above.   Given two 
da ta   po in t s   t ha t   each   spec i fy   an  x, y pos i t ion   and  a s lope   o r   pa th   head ing ,  i t  
i s  poss ib l e   t o   de f ine  a u n i q u e   e l l i p t i c a l   s e c t i o n   t h a t  w i l l  f i t   t h e   p o i n t s  and 
t h a t  w i l l  n o t   r e s u l t   i n   p a t h   d i s c o n t i n u i t i e s  when jo ined   t o   an   ad jacen t   pa th  
segment. 
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I n  summary, the   p roblem  to   be   so lved   requi red   tha t  a technique  be  devel-  
oped t h a t   c o n s i d e r s   t h e   f o l l o w i n g   f o u r   f a c t o r s .   F i r s t ,  the technique   used   to  
d e s c r i b e   o r   d e f i n e   t h e   p a t h   s h o u l d  be such   tha t   on ly   one   pa th   can  be generated 
from a given set  of  data.   Second,  the  technique  should  generate a continuous 
p a t h   i n   o r d e r   t o   r e d u c e   t h e   p o s s i b i l i t y   o f   p r o j e c t i o n   a m b i g u i t y   b y   e l i m i n a t i n g  
any areas of  redundancy  that are def ined  by the  normal  projections  of  the  end 
poin ts   o f  any path  segment.  Third,  any  mathematical  forms  used  to  define a 
pa th   o r  a segment  of a path  should  be  amendable  to  closed-form  solution  of  the 
c ros s - t r ack   e r ro r .  And f i n a l l y ,   t h e   t e c h n i q u e  use'd  must r e l y  on  computations 
t h a t   c a n   b e   i t e r a t e d  a t  rates s u i t a b l e   f o r   s t a b l e   c l o s e d - l o o p   c o n t r o l  
ope ra t ion .  
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LATERAL PATH DESCRIPTION 

D e f i n i t i o n   o f   t h e   P a t h  

Path Model.- The mathematical   model   used  to   represent   the  desired  path 
could-  be i n   t h e  form  of  an  equation  or it could   be   in   the   form  of  a series of 
d a t a   p o i n t s   t h a t  are t o  be  connected  together  using some type o f   c u r v e   f i t t i n g  
technique. A c u r v e   f i t t i n g   t e c h n i q u e  was  s e l e c t e d   f o r   t h e  VALT system i n   o r d e r  
t o   a c h i e v e  a ve ry   f l ex ib l e   sys t em  fo r   r e sea rch   app l i ca t ions .  The f l i g h t   p a t h  
cons i s t s   o f  a series o f   d a t a   p o i n t s   i n   t h e  X-Y p l a n e   t h a t  are connected  to- 
ge the r   w i th   combina t ions   o f   s t r a igh t   l i ne   s egmen t s   and   e l l i p t i ca l ly   cu rved  
segments .   This   technique  has   the  fol lowing  advantages:   f i rs t ,  good approxi- 
ma t ions   o f   c ros s t r ack   e r ro r ,   pa th   d i s t ance   t o  go and  desired  heading  can  be 
obta ined;   second,   s ince   the  circle is a s p e c i a l  case o f   t h e   e l l i p s e ,   c i r c u l a r  
pa ths  are inherent ly   inc luded   and   th i rd ,   the   spec i f ica t ion   of   the   pa th  is  rela- 
t i ve ly   s imp le ,   r equ i r ing   on ly  a series o f   da t a   po in t s   cons i s t ing   o f   an  X- 
coordinate ,  a Y-coordinate  and a desired  heading a t  t h a t   p o i n t .  

For a g iven   pa i r   o f   da t a   po in t s   de f ined  by X 1’ Y,’ 9,s and x 2’  Y2’ *,, i t  

is  poss ib l e   t o   de t e rmine   t he   equa t ion   o f   t he   e l l i p se   t ha t   con ta ins   t he  two 
d a t a   p o i n t s  by appropr i a t e   ro t a t ion   and   t r ans l a t ion   o f   t he   coo rd ina te   sys t em.  
Given the   ab i l i t y   t o   de t e rmine   an   appropr i a t e   e l l i p t i ca l   s egmen t ,  i t  is then 
p o s s i b l e   t o   f i t  a smooth,   continuous  path  to a set of X,  Y da ta   po in t s   u s ing  
a combina t ion   of   e l l ip t ica l   and   s t ra ight   l ine   segments .  An example  of  such 
a pa th  is shown in   F igu re  3. Note t h a t   i f   t h e  two d a t a   p o i n t s   a r e   t o   b e  con- 
nected  with a s t r a igh t   l i ne   s egmen t ,   t he   head ings  a t  t h e  two d a t a   p o i n t s  are 
determined  and  only  the X, Y p o s i t i o n  is requi red   to   spec i fy   the   segment .   I f  
a da t a   po in t  is the   j unc t ion  of two e l l i p t i c a l  segments  however,  then it is 
necessary   to   spec i fy   the   heading   of   the   pa th  a t  t h a t   d a t a   p o i n t   i n   a d d i t i o n   t o  
t h e  X, Y pos i t i on   da t a .  

Data Format  and Pa th   Res t r ic t ions . -  A d i g i t a l  computer   rou t ine   ca lcu la tes  
t h e   p a r a m e t e r s   o f   t h e   e l l i p t i c a l   o r   s t r a i g h t   l i n e  segment t h a t  would f i t  be- 
tween two data   po in ts   whi le   main ta in ing   the  d e s i r e d  e n t r y  and e x i t   h e a d i n g s   a t  
those   po in ts .  The path is then   cons t ruc ted  by sequen t i a l ly   j o in ing   each   o f  
these  segments   into a continuous  path.  The coord ina te   sys tem  used   to   spec i fy  
t h e   d a t a   p o i n t s  is shown i n   F i g u r e  4 .  The X and Y p o s i t i o n   d a t a  is 
inser ted  into  the  digi ta l   computer   in   s igned  decimal   format .   Heading  informa- 
t i o n  is inser ted  in   degrees   of   magnet ic   heading.  Data p o i n t s   t o   d e s c r i b e  a 
p a r t i c u l a r   f l i g h t   p a t h  are e n t e r e d   s e q u e n t i a l l y   s t a r t i n g  a t  the   des i r ed   pa th  
termination  point  and  working  backwards. An end  of  path  code is entered  las t  
to   ind ica te   the   po in t   where   the   pa th   should  start. The se l ec t ion   o f  a s t r a i g h t  
l i n e   o r   a n   e l l i p t i c a l   s e c t i o n   t o   j o i n  a p a i r   o f   d a t a   p o i n t s  is indica ted  by the 
t h i r d   e n t r y   f o r   e a c h   d a t a   p o i n t .   I f  two d a t a   p o i n t s  are to   be   jo ined  by a 
s t r a i g h t   l i n e ,   t h e n  a code number is inse r t ed   a long   w i th   t he  X, Y d a t a   f o r  
t hese   po in t s .   I f  a da t a   po in t  i s  the   junc t ion   of  a s t r a i g h t   l i n e   a n d   a n  e l l i -  
p t i c a l   s e c t i o n ,   t h e n   t h e  same code is i n s e r t e d .   I f  a da t a   po in t  is the  junc-  
t i o n   o f  two e l l i p t i c a l   s e c t i o n s ,   t h e n   t h e   t h i r d   e n t r y  is the  magnetic  heading, 
i n   d e g r e e s ,   t h a t   t h e   a i r c r a f t   s h o u l d   h a v e  as it p a s s e s   o v e r   t h a t   d a t a   p o i n t .  
In   order   to   s implify  the  geometry  and  the  logic   decis ions  necessary  to   generate  
t h e  lateral pa th ,  some r e s t r i c t i o n s  on t h e   d a t a   u s e d   t o   s p e c i f y   t h e   p a t h  are 
necessary.  
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The path  cannot  have two consecut ive   s t ra ight   l ine   segments .  

A s i n g l e   e l l i p t i c a l   s e c t i o n   c a n n o t   b e   u s e d   t o   c h a n g e   t h e   f l i g h t  
path  heading by an   ang le   g rea t e r   t han  90 degrees.  

Two consecut ive   da ta   po in ts   cannot   descr ibe  a p a t h   t h a t   c o n t a i n s  
an   i n f l ec t ion   po in t .  A t  least t h r e e   d a t a   p o i n t s  are requi red  
i n  t h i s  case. 

The form of t h e   d a t a   e n t r y   f o r  a sample  path is shown i n   T a b l e  1 and t h e  
path  descr ibed by t h i s   d a t a  is  shown in   F igu re  5.. 

TABLE 1 

LATERAL  PATH DATA 

Input 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

1 6  

17 

18 

Data 
Point  Entry 

0 

0 

77776 

0 

-3000 

77776 

-600 

-4 600 

77776 

-2000 

-6000 

77776 

-3000 

-8000 

0 

-2000 

-10000 

77776 

~~ 

Notes 

X P o s i t i o n  

Y P o s i t i o n  

Code i n d i c a t i n g   s t r a i g h t   l i n e  

1 

1 

X P o s i t i o n  

Y P o s i t i o n  

Desired  heading a t   p o i n t  5 

5 

5 
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TABLE 1 (cont ) 
LATERAL PATH DATA 

Input 
~~ 

19 

20 
21 

22 

23 
24 

25 

26 
27 

28 
29 
30 

31 
32 
33 

34 
35 

36 

37 
38 
39 

40 

41 
42 

" 

Data 
Point  

7 
.~ - 

8 

9 

10 

1 1  

12 

13 

14 

Entry 

0 

-1 2000 
77776 

2000 
-1 3000 
77776 

4000 
-1 3000 

77776 

6000 
- 1 6000 
0 

3000 
-20000 

90 

1000 

-19000 
77776 

-600 

-1 7400 
77776 

-3600 
-1 7400 

45 
~~ ~ 



TABLE 1 (cont ) 

LATERAL PATH DATA 

Input 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

Data 
Point 

15 

16 

17 

18 

19 

20 

21 

22 

” 

Entry 

-3600 

-20400 

-4 5 

-600 

-20400 

- 1  35 

-600 

-1 7400 

135 

-3600 

-1 7400 

45 

-3600 

-20400 

-45 

-600 

-20400 

-1 35 

-600 

-1 7400 

77776 

-4000 

-1 4000 

77776 

77777 

Notes 

Code indicating end of path 
data 
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Figure 5 
NASA VALT Baseline Path 
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Stra ight   L ine  Segment 

Consider  the  l ine  segment  defined  by X, ,  Y,' and X2' Y 2 ,  and t h e   p o i n t   o f f  

the  segment, XA, Y shown in   F igu re   6a .  I f  t h e  segment  and t h e   p o i n t  are 

r o t a t e d  and t r a n s l a t e d   t o  a coordinate  system as shown in   F igure   6b-   then:  
A 

X , l  = 0 

Y l l  = 0 

x2( = 0 

Y = (y2 - Y,) COS 8 - (x2 - x l )  s i n  8 
2 

xA1 = (xA - X ) COS 0 + (yA - yl) s i n  8 1 

yAl = (yA - Y ,) cos e - (xA - X,) s i n  0 

The perpendicular   d i s tance  from t h e   p o i n t   t o   t h e   l i n e   ( c r o s s t r a c k   e r r o r )  i s  
XA'.  The length  of the  segment is Y '. The p r o j e c t i o n  of t he   po in t  on t h e  

segment is  (0,  Y ' ) and the  length  remaining on the   segment   pas t   the   p ro jec t ion  

poin t  is Y ' - 

2 
A 

2 Y A l  . 
E l l i p t i c a l  Segment 

Coordinate  System.- The cu rved   s ec t ions   o f   t he   l a t e ra l   pa th  are generated 
by f i t t i n g   a n   e l l i p t i c a l  segment  between two d a t a   p o i n t s .   I n   o r d e r   t o   s i m p l i f y  
the  geometry  and  the  calculation of c r o s s t r a c k   e r r o r ,   e a c h  e l l i p t i ca l  segment 
is o r i e n t e d   i n  a coordinate   system  such  that   the  X a x i s   b i s e c t s   t h e   e l l i p s e  and 
the  or igin  of   the   coordinate   system lies on one of the  end  points   of   the  
e l l i p s e .   T h i s   s t a n d a r d   o r i e n t a t i o n  i s  shown i n   F i g u r e  7 .  The r e s t r i c t i o n s  on 
t h e  form o f   t h e   d a t a   u s e d   t o   s p e c i f y   t h e   p a t h , r e s u l t   i n   a n   e l l i p t i c a l   s e c t i o n  
t h a t  is loca ted   en t i r e ly   w i th in   t he   f i r s t   o r   s econd   quadran t  of t he   r e f e rence  
coordinate  system. The coord ina te   t ransformat ions   requi red   to   ach ieve   th i s  
s t a n d a r d   o r i e n t a t i o n  are a p a r t  of t h e   d i g i t a l  computer  program. The e l l i p t i -  
c a l   s e c t i o n   u s e d  i s  de f ined   such   t ha t   t he   o r ig in  of the  coordinate  system i s  
always a point  of maximum o r  minimum curvature  on t h e   e l l i p s e  and the   l ength  
of  the  segment i s  e q u a l   t o   o r  less than one q u a r t e r  of the   l ength   o f   the   per i -  
meter o f   t h e   e l l i p s e .  
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Determina t ion   of   the   E l l ipse . -   Cons ider   the   sec t ion   of   the   e l l ipse   and  
the   coord ina te   sys tem shown i n   F i g u r e  8 .  The e q u a t i o n   f o r   t h e   e l l i p s e  shown 
is : 

The s lope ,  m, of t h i s   e l l i p s e  a t  po in t   (x ,   y )  is: 

m = -  ( x  - a) b2 . -  
2 a Y 

I f   t h i s   s l o p e  and point   (x ,   y)  are given,  then a and  b are determined: 

yx - mx 2 
a =  y - 2 x m  

F o r   t h e   e l l i p t i c a l   s e c t i o n  shown in   F igu re  8, a > 0. To s a t i s f y   t h i s   c o n d i -  
t i on ,   t he   fo l lowing   i nequa l i ty  m u s t  ho ld :  

S i m i l a r l y ,   f o r   t h e   c a s e   i n  which a < 0, t h e   i n e q u a l i t y   t h a t  must hold is: 

The r e s t r i c t i o n s   y / x  > 2m f o r  a > 0 and y / x  < 2m f o r  a < 0 may appear  too 
l i m i t i n g  a t  f i r s t   g l a n c e .  It should  be  noted,  however,   that   for a given set of 
da t a   po in t s ,   t he   r e s t r i c t ion   encoun te red  by p l a c i n g   t h e   o r i g i n  of the  coordi-  
nate  system on one  of t he   po in t s  is n o t   p r e s e n t   i f   t h e   o r i g i n  is placed  on  the 
o the r   da t a   po in t .   Th i s  is  i l l u s t r a t e d   i n   F i g u r e s  9 and 10. The e l imina t ion  of 
t h e s e   p a t h   r e s t r i c t i o n s   i n   t h i s  manner leaves  only one  major r e s t r i c t i o n  re- 
maining.  For a given set  of data   points   connected by an e l l i p t i c a l  segment, 
the   s lope   o f   the   pa th  a t  the  ex i t  po in t  must   be  greater   than  the  s lope  of  a 
s t r a i g h t   l i n e   j o i n i n g   t h e   p o i n t s   f o r  a < 0. For a > 0, the   s lope  of the   pa th  
a t  t h e   e x i t   p o i n t  m u s t  be less than  the  s lope  of  a s t r a i g h t   l i n e   j o i n i n g   t h e  
points .   This  is i l l u s t r a t e d   i n   F i g u r e  11. This   r e s t r i c t ion   p rec ludes   t he  
in t roduct ion   of  a p o i n t   o f   i n f l e c t i o n   i n   t h e   c u r v e d   p a t h   u n l e s s   t h e   i n f l e c t i o n  
po in t  is s p e c i f i e d  as a d a t a   p o i n t .  
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Determination  of  Crosstrack  Error.-  I n  o rde r   t o   de t e rmine   t he   c ros s t r ack  
e r r o r  while f l y i n g   a l o n g  an e l l i p t i c a l   s e c t i o n ,  i t  is necessary   to   de te rmine  
the  perpendicular   dis tance  f rom a g iven   po in t   t o   t he   e l l i p se .   Cons ide r   t he  
e l l i p s e  shown i n   F i g u r e  12: 

(x - 4 2 2  

a 2 + ? =  b 1 

and a po in t  A nea r   t he   e l l i p se   de f ined   by :  

x = x  A 

y = Y  A 

The center   o f   the  e l l i p s e  is loca ted  a t  ( a ,  0) and  the  dis tance  f rom  the  center  
o f   t h e   e l l i p s e   t o   t h e  two f o c i  is given  by: 

The coordinates   of   the   foci  are then  given as:  

F1 = ( a  - c ) ,  0 

F2 = ( a  + c ) ,  0 

I f  X*, Y were loca ted  on t h e   e l l i p s e ,   t h e n   t h e   n o r m a l   ( p e r p e n d i c u l a r )   t o   t h e  

e l l i p s e  a t  t h a t   p o i n t  is  the   b i sec t ion  of the   angle   def ined  as F1 AF2. 
A 

L e t :  6 = b i s e c t i o n  of angle  F 

The angle  from A t o  F1 i s  defined  by: 

1 AF2. 

'F1 - 'A 

%' -'A 
6 = t a n  - 1  

1 
1 

where XF and Y are coord ina tes  of focus F 
1 F1 1' 
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Figure 12 
Normal Projection for a > b 
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for t h e   o r i e n t a t i o n  shown, = o  

-Y 
e = tan-1 A 

1 s1 - ‘A 

S i m i l a r l y  : 

- 1  -yA e = t a n  2 s2 - ‘A 

8 is given as : 

+ e 2  o =  
2 

Consider  an e l l i p se  of  the same form as descr ibed ,   except   tha t  b > a. For 
t h i s  case, shown in   F igu re  13, t he   d i s t ance  from t h e   c e n t e r   o f   t h e   e l l i p s e   t o  
t h e   f o c i  is given  by: 

and   the   coord ina tes   o f   the   foca l   po in ts  are: 

F1 = a ,  c 

F2 = a ,  “c 

I n  a manner similar to   t ha t   p rev ious ly   p re sen ted ,   t he   ang le  8. is de termined   to  
b e  

e ,  + e  
e =  2 

2 
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where 

- 1  c - YA 
= t a n  a - XA 

“c - YA 

= tan a - ‘A 

-1  
2 

For small deviat ions  of  ( X  YA) o f f   t he  e l l i p se , .  assume 8 s t i l l  de f ines   t he  

normal t o   t h e  e l l ipse.  Then t h e   p r o j e c t i o n  (X YE) of  (XA, Y ) onto   the  

e l l i p s e  i s  def ined by 8 .  The s l o p e   o f   t h e   e l l i p s e  a t  the   po in t  (s, Y ) is  t h e  
s lope   o f  a l i ne   pe rpend icu la r   t o   t he   no rma l :  

A’ 

E’  A 

E 

= t a n  (8 + 9 0 ” )  

The equa t ions   fo r   t he  e l l ipse  and the   s lope  of a po in t  on   t he   e l l i p se   can   be  
s o l v e d   t o   y i e l d  

G 

and YE i n  terms of  a, b y  and 
?E: 

1 : iven   the   capabi   i ty   to   de te rmine   the   p ro jec t ion  of t h e   a i r c r a f t   p o s i t i o n   o n t o  
a s p e c i f i e d  e l l i p t i c a l  s e c t i o n ,  i t  is  then   poss ib l e   t o  compute the  magnitude 
o f   t he   c ros s t r ack   e r ro r  as : 

where XA, Y i s  t h e   a c t u a l   a i r c r a f t   p o s i t i o n  and %, Y i s  t h e   p r o j e c t i o n   o f  

t h i s   p o s i t i o n   o n t o   t h e   e l l i p s e .  The d i r e c t i o n  of t h e   e r r o r  is given  by 8 
as previously  def ined.  

A E 
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Determinat ion  of   Path  Distance.-   In   order   to   determine  the  dis tance  to  go 
from  any  point  on  the lateral path i t  is necessary   to   de te rmine   the   l ength   o f  
a n   e l l i p t i c a l  segment.  Determination of th i s   l eng th   i nvo lves   t he   u se   o f  
e l l i p t i c a l   i n t e g r a l s   f o r  which  there are no e x p l i c i t   s o l u t i o n s .  For t h i s  
reason,  a piecewise  l inear   approximation of t h e   e l l i p t i c a l  segment is used t o  
ca lcu la te   d i s tance   da ta .   Cons ider   the   approximat ion  shown in   F igure  14 where: 

n 

s =  A s i  
i -  1 

and 

I f  t he  x a x i s  is divided  into  n   equal   segments   then:  

where  x = x coord ina te  where t h e   e l l i p t i c a l  segment  ends. 

Then : 

T 

s =  
i =  f: 1 

where : 

a 
- l / *  

The var iable   n   can be r e a d i l y  changed  and w i l l  be  set equa l   t o  8 i n i t i a l l y .  

31 



0 

+Y 

Figure 14 
Path Length Approximation 

+X 

32 



I 

The to ta l   pa th   d i s tance- to-go  is  then  determined by computing  the  distance- 
to-go  on t h e   p a r t i c u l a r  segment  being  traversed and  adding it t o   t h e  sum of the  
pa th   l eng ths  of the  remaining  segments.  This  information is  used i n  conjunc- 
t ion  with  the  speed and a l t i t u d e   p r o f i l e s   t h a t  are discussed  in   the  next   sec-  
t ion .   In   addi t ion ,   the   d i s tance- to-go  can b e   p r e s e n t e d   t o   t h e   p i l o t   o r   t h e  
test engineer  through a d ig i ta l   readout   on   . the   naviga t ion /guidance   cont ro l  
panel.  
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ALTITUDE AND VELOCITY PROFILES 

In a d d i t i o n  t o  the  general   purpose lateral p a t h ,   t h e  VALT sys tem  has   the  
c a p a b i l i t y   t o   g e n e r a t e   a n d  track a rb i t r a r i l y   shaped   a l t i t ude   and   speed   p ro f i l e s .  
The lateral, a l t i t ude   and   speed   p ro f i l e s  can b e  combined t o  produce  curved, 
d e c e l e r a t i n g   d e s c e n t s   t o  a hove r   o r  a touchdown. 

A l t i t u d e   P r o f i l e  

The a l t i t u d e   p r o f i l e  is s p e c i f i e d  by a series o f   da t a   po in t s .  Each d a t a  
p o i n t   c o n s i s t s   o f  a distance-to-go  along  the lateral f l i g h t   p a t h  and a des i red  
a l t i t u d e  a t  t h a t   d i s t a n c e .  The a l t i t u d e  change  between two da ta   po in t s  is a 
l i n e a r   f u n c t i o n  of the  dis tance  between  those  points .  

Consider a p o r t i o n   o f   t h e   a l t i t u d e   p r o f i l e  as shown i n  Figure 15. Between 
da ta   po in t  3(S H3) and  da ta   po in t  2 (S2, H ) the  change i n   a l t i t u d e  as a func- 

t i o n   o f   d i s t a n c e  is: 
3’ 2 

and t h e   a l t i t u d e   f o r  any s (S G s < s3) is: 2 

Data t o   d e s c r i b e   t h e   a l t i t u d e   p r o f i l e  is e n t e r e d   i n t o   t h e  computer i n   t h e  
form  of   dis tance- to-go  and  desired  a l t i tude a t   t h a t   d i s t a n c e   f o r   e a c h   d a t a   p o i n t .  
Up t o  25 d a t a   p o i n t s  may be   u sed   t o   de f ine   an   a l t i t ude   p ro f i l e .   S to rage  is pro- 
v i d e d   € o r   f i v e   d i f f e r e n t  sets of d a t a   p o i n t s   i n   t h e  computer.  Distance-to-go 
and a l t i t u d e  are en tered   us ing  a decimal  data  format.   Data  points  to  describe 
t h e   a l t i t u d e   p r o f i l e  are e n t e r e d   i n   o r d e r ,   s t a r t i n g  at the   hover   pos i t ion  and 
working  backwards. A termination  code (77777)  i s  e n t e r e d   l a s t   t o   i n d i c a t e   t h e  
da ta   po in t   where   the   p rof i le   should  start.  The form of t h e   d a t a   e n t r y   f o r  a 
sample  path is shown i n  Table 2. It should be n o t e d   t h a t  Table 2 does   no t  show 
t h e   d a t a   f o r   F i g u r e  15. 
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Figure 15 
Altitude  Profile Geometry 
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Input 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

- .. 

TABLE 2 

ALTITUDE PROFILE DATA 

Data Point Entry 

0 Distance-to-go 
0 Desired  Altitude 

200 ' 
25 

300 
35 

1000 
200 

5000 
1000 

77777  Termination 
Code 
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Speed P r o f i l e  

The s p e e d   p r o f i l e  is spec i f i ed   by  a series o f   da t a   po in t s .  Each d a t a  
poin t   cons is t s   o f  a dis tance- to-go  a long  the  f l ight   path  and a d e s i r e d   v e l o c i t y  
a t  tha t   d i s t ance .  The velocity  change  between two d a t a   p o i n t s  i s  a l inear 
funct ion  of   the  dis tance  between  those  points .  

Consider a p o r t i o n   o f   t h e   v e l o c i t y   p r o f i l e  as shown i n   F i g u r e  16. Between 
d a t a   p o i n t  3 ( S  V ) and data   point   2(S2,  V ) the  change i n   v e l o c i t y   a s  a 

func t ion   of   d i s tance  is: 
3' 3 2 

and t h e   v e l o c i t y   f o r  any S ( S  < S < S ) is: 2 3 

D a t a   t o   d e s c r i b e   t h e   s p e e d   p r o f i l e  is  e n t e r e d   i n t o  the computer i n  the 
form  of  distance-to-go  and  desired  velocity a t  t h a t   d i s t a n c e   f o r   e a c h   d a t a  
point .  Up t o  25 d a t a   p o i n t s  may be   u sed   t o   de f ine  a v e l o c i t y   p r o f i l e .   S t o r -  
age is p r o v i d e d   f o r   f i v e   d i f f e r e n t  sets of d a t a   p o k t s  In the  computer. 
Distance- to-go  and  desired  veloci ty  are entered  using a decimal .data   format .  
Data p o i n t s   t o   d e s c r i b e   t h e   s p e e d   p r o f i l e   a r e   e n t e r e d   i n   o r d e r ,   s t a r t i n g  a t  
the   hover   pos i t ion  and  working  backwards. A termination  code (77777) is  
en tered  last t o   i n d i c a t e   t h e   d a t a   p o i n t  where the   p ro f i l e   shou ld  start.  The 
form of t h e   d a t a   e n t r y   f o r  a sample  path i s  shown i n  Table 3 .  I t  should  be 
noted  that   Table  3 does  not show the   da t a   fo r   F igu re  16. 
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Input 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10 

11 
12 

13 

TABLE 3 

VELOCITY PROFILE DATA 

Data Point  Entry 

0 D i s t a n c e   t o  go 
0 Desired  Veloci ty  

500 
10 

1000 
25 

2500 
50 

6000 
60 

10000 
60 

7 77 77 Termination Code 
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Combining Pa ths   and   P ro f i l e s  

The techniques  that   have  been  developed  for  generating la teral  paths  and 
speed   and   a l t i tude   p rof i les   can   be  combined t o  create a g r e a t   v a r i e t y   o f   t h r e e  
d imens iona l   f l igh t   t ra jec tor ies .   S ince   the   t echnique   used   to   genera te   each  
p a t h   o r   p r o f i l e  is es sen t i a l ly   i ndependen t   o f   t he   o the r   pa th   o r   p ro f i l e ,  some 
cons idera t ion  must be  given  to   the  problems  that   could  occur  when these   var ious  
elements are combined i n t o  a '  t ra jectory.   For   example,  a s p e e d   p r o f i l e   t h a t  
cal ls  f o r  a constant  speed  over some por t ion   of  t h e  la teral  p r o f i l e  may n o t ,  
d u e   t o   a i r c r a f t  power l i m i t a t i o n s ,   b e   c o m p a t i b l e   w i t h   a n   a l t i t u d e   p r o f i l e   t h a t  
ca l l s  f o r  a r ap id   a l t i t ude   change   ove r   t he  same por t ion   o f   t he  lateral  p r o f i l e .  

The most common p o t e n t i a l   c o n f l i c t   o f   t h i s   t y p e   r e s u l t s  when a v e l o c i t y  
p r o f i l e  and a la teral  p r o f i l e  are combined. The VALT system is normally con- 
s t r a i n e d  so as not   to   exceed  a programmable  bank-angle l i m i t .  I f  a speed  pro- 
f i l e  is defined  such as t o   r e q u i r e  a ce r t a in   speed  a t  some distance-to-go  for 

a bank-angle l i m i t  is imposed on  the  system,  then  the minimum 
could  be  flown a t  tha t   po in t  would be  defined by the  equat ion:  

any  path,   and  if  
r a d i u s   t u r n   t h a t  

R =  V L  
G t a n  @ 

where 

$J = bank angle  

V = speed 

G = acce le ra t ion   due   t o   g rav i ty  

R = r a d i u s  

Since  the lateral  path  technique  used  in   the VALT s y s t e m   u t i l i z e s   e i t h e r  
s t r a i g h t   l i n e   s e g m e n t s   o r   e l l i p t i c a l   l i n e   s e g m e n t s ,  i t  is  poss ib le   to   de te rmine  
the   r ad ius   o f   cu rva tu re   a t   eve ry   po in t   a long   t he   pa th .   I f   t he   r ad ius   o f   cu rva -  
t u r e  is smaller a t  any poin t   than   the  minimum radius   a l lowed a t  that   point   due 
to   speed and  bank  angle  constraints,   then  the la teral  path  and  the  speed  pro- 
f i l e  are incompatible. The d i g i t a l  computer  program t h a t   f i t s   t h e  l a te ra l  pa th  
t o   t h e  data p o i n t s   h a s   t h e   c a p a b i l i t y   t o   d e t e c t   t h i s   t y p e  of incompatibi l i ty   and 
to   i nd ica t e   wh ich   pa r t i cu la r   da t a   po in t s   con t r ibu te   t o   t he   p rob lem.  In order  
for   th i s   checking   to   be   va l id ,   however ,  i t  is  necessary  to  add  one more restric- 
. t i on   t o   t he  l ist  of   res t r ic t ions   p rev ious ly   p resented :  

a A speed   p ro f i l e  must  be  stored i n  the  computer   before  a lateral  
p a t h   c u r v e   f i t  is a t t empted   i n   o rde r   t o   ensu re   t ha t   t he   nomina l  
a i r c r a f t  bank  angle limit is  not  exceeded. The p r o f i l e  is defined 
i n  terms of  speed  versus  along-track  distance-to-go  in  the Z = 0 
plane.  
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CONCLUDING RPLARKS 

Conclusions 

A technique  has  been  developed  that   can be  used t o   g e n e r a t e   a r b i t r a r i l y  
shaped ,   curved   pa th   approach   t ra jec tor ies   for   the  NASA VALT r e sea rch   he l i -  
copter.   Although  developed  for  the VALT Program, the  technique i s  genera l  
purpose i n   n a t u r e  and  could  be  used i n  o the r   app l i ca t ions .  The  method pre- 
s e n t e d   u t i l i z e s  a combination of s t r a i g h t   l i n e  segnients  and e l l i p t i c a l  sec- 
t i o n s   t o   f i t  a smooth,   continuous,   path  to a series of d a t a   p o i n t s .   A l t i -  
tude  and  speed  profiles  can  be combined wi th   the  lateral pa th   t o  create a 
curved,  decelerating,  descending  approach  to a hover   or  touchdown. D i g i t a l  
computer  software  has  been  created  to  implement  the  path-forming  techniques 
i n   t h e  NASA VALT system. 

Reconnuendation 

The f i n a l   e v a l u a t i o n  of t he   t echn ique   t ha t  was developed  during  this con- 
tract must await subsequent   f l igh t  tests i n   t h e  NASA VALT r e s e a r c h   a i r c r a f t .  
Pre l iminary   eva lua t ion  of the   t echnique   in  a f ixed  based  s imulator ,  however , 
i nd ica t e s   t ha t   cons ide ra t ion   shou ld   be   g iven   t o   improv ing   t he   t r ans i t i ons   f rom 
s t r a i g h t   l i n e   s e g m e n t s   t o   e l l i p t i c a l   s e g m e n t s  and  from the e l l i p t i c a l  t o   t h e  
s t r a igh t   l i ne   s egmen t s .  The technique  presented  in   this   report   does   produce 
p a t h s   t h a t  are continuous, i .e.  , no  heading   d i scont inui t ies  are present .  How- 
ever ,   the   junct ion  between a curved  segment  and a s t r a i g h t   l i n e  segment gen- 
e r a l l y   r e s u l t s   i n  a bank-angle-command d i s c o n t i n u i t y .  The c u r v e   f i t t i n g  
technique  should  be  expanded  to  incorporate some form  of   t rans i t iona l   curve   in  
order   to   provide  smoother   turn  entry  and  exi t   and  to   reduce  crosstrack  error  at 
those   po in ts .  

4 3  





APPENDIX 

COMPUTER  FLOW  CHARTS 

Flow c h a r t s   d e s c r i b i n g   t h e   s e q u e n t i a l   o p e r a t i o n s   t h a t  are performed by t h e  
d i g i t a l  computer   dur ing   the   curve- f i t t ing   and  real-time guidance  data  process- 
ing  programs are shown i n   F i g u r e s  17 and 18. Comments t h a t  relate t o   s p e c i f i c  
p a r t s  of the   f l ow  cha r t s  are keyed t o   r e f e r e n c e  numbers  on t h e   c h a r t s .  

Comments R e l a t e d   t o   t h e   P a t h   I n i t i a l i z a t i o n  Flow Chart 

1. Compute s t r a igh t   l i ne   head ings . -   P rocess   da t a   t ab l e ,   conve r t ing  a l l  
s t ra ight-segment   f lags   to   magnet ic   headings.  

Magnetic  Heading : -1  y2 - y1 

x2 - x1 90" - t a n  

The fo l lowing   e r ror   checks  are a l s o  made: 

a )  No pa th   spec i f i ed  

b) Unpa i red   s t r a igh t   l i ne   po in t  

c )   I n f l e c t i o n   p o i n t  ( two  consecutive  points  have same heading.   Straight  
segments must be   i den t i f i ed   w i th  a s t ra ight-segment   f lag) .  

2. Compute segment  length 

Segment Length = {(X2 - X1 ) + (y2 - Y1 ) 
~~ 

2 2 

3.  Trans la te   and   ro ta te   da ta   po in ts . -   Transform  poin ts   in to  new coordi-  
nate  system  having  point 1 as t h e   o r i g i n  and t h e   p o i n t  1 heading as t h e  +Y 
d i r e c t i o n .  

4 .  Are da ta   po in t s   va l id : -   Po in t s  are v a l i d   i f  new poin t  2 (X;, Y;) 
has   s lope  M such   tha t :  
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5. Ca lcu la t e   e l l i p se   axes   and   foc i .  

2 
y2x2 - Mx2 a =  Y2 - 2X2M 

where 

M = slope  of  point (X 2’   y2)  

(x2 ,  y ) = poin t  2 i n  new coordinate  system. 2 

The dis tance  f rom  the  center   of   the  e l l i p se  t o   t h e  two f o c i  is: 

c - b I 2 

6 .  Compute bank angle  a t  segment-end points   and  check  against  l i m i t .  
Ca lcu la te   the   rad ius   o f   curva ture  a t  t h e  end p o i n t s   o f   t h e   q u a r t e r   e l l i p s e  of 
which the   cur ren t  segment is a pa r t .   I f   t he   bank-ang le  limit f o r   t h e   g i v e n  
l a t e r a l   p a t h  is not  exceeded a t  t h e  end po in t s   o f   t he   qua r t e r   e l l i p se ,   t hen  it 
is not  exceeded  anywhere on the  segment. The ve loc i ty   i n fo rma t ion   r equ i r ed   fo r  
t h i s   c a l c u l a t i o n  is obtained by ca lcu la t ing   d i s tance- to-go   for   each  segment 
end point   and  then  cal l ing  the  speed  prof i le   program twice to   ob ta in   t he   ve loc -  
i t y   des i r ed   fo r   each  of t h e s e   p o i n t s .   I f   t h e  l i m i t  is exceeded a t  t h e   o r i g i n ,  
s igna l   an   e r ro r .  If che l i m i t  is exceeded a t   t h e   o t h e r   q u a r t e r - e l l i p s e   e n d  
poin t ,   then   ca lcu la te   the   rad ius   o f   curva ture  a t  t h e   a c t u a l  segment-end poin t  
ra ther   than   the   quar te r -e l l ipse   end   po in t .  
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Comments Rela ted   to   the  Real-Time Computation Flow Chart 

1. Take t h e   a i r c r a f t  (X,  Y) pos i t ion   and   t ransform it  t o   t h e   c u r r e n t  
segment  coordinate  system. 

2. Transi t ion  to   next   segment?-  The i n i t i a l   d e c i s i o n   t o   t r a n s i t i o n  is 
made i f   the   project ion  of   the  actual   posi t ion  onto  the  extended  segment  is be- 
yond t h e  segment  proper. Once a t r a n s i t i o n  is made, it is n o t   p o s s i b l e   t o  go 
back  to  a previous  segment.  Therefore, a f i l t e r  i s  provided  to  prevent  spur- 
i o u s   d a t a  from  causing a f a l s e   t r a n s i t i o n .  A count is k e p t   i n  FCOUNT. The 
i n i t i a l  d e c i s i o n   t o   t r a n s i t i o n  must be made FCOUNT c y c l e s   i n  a row before  a 
t r a n s i t i o n  will occur. 

3.  Crosstrack  Error  = k (XA - $) + (YA - YE) 2 2 

where 

(X,, Y ) = a i r c r a f t   p o s i t i o n  

(s, YE) = pro jec t ion   po in t  

A t i n  transformed  coordinate system 

The c r o s s t r a c k   e r r o r  is p o s i t i v e   i f   t h e   a i r c r a f t  is t o   t h e   r i g h t   o f   t h e   p a t h ;  
o therwise  i t  is negat ive .  To determine  where  the  a i rcraf t  is wi th  respect t o  
t h e   e l l i p s e ,  do a h o r i z o n t a l   o r   v e r t i c a l   p r o j e c t i o n   o n t o   t h e   e l l i p s e ,  and 
compare th i s   p ro j ec t ion   po in t   w i th   t he   a i r c ra f t   pos i t i on .   In   Quadran t  I ,  t h e  
a i r c r a f t  is t o   t h e   r i g h t   o f   t h e   p a t h   i f  i t  is  on the  " inside"  of   the  ell ipse.  
I n  Quadrant IV t h e   a i r c r a f t  is t o   t h e   r i g h t   o f   t h e   p a t h   i f  it is on the  "out- 
s ide"   of   the  ell ipse.  I f   t h e   d a t a   p o i n t s  of t h e  segment  have  been  exchanged, 
change  the  sign of the   c ross t rack   e r ror   de te rmined   above .  

4 .  The desired  heading a t  any po in t  on a s t r a i g h t  segment is the  heading 
a t  the end p o i n t s .  

5. Calculate  Cross  Track  Error.-  For  the  straight  segment  case,  cross- 
t r a c k   e r r o r  is simply  the  X-coordinate (%) of   ac tua l   pos i t i on   i n   t he  new 

coordinate  system.  This is because  the  translated  and  rotafed  segment l ies  on 
t h e  Y-axis.  Cross-track  error is p o s i t i v e   i f   t h e   a i r c r a f t  is t o   t h e   r i g h t   o f  
the  path  and  negative  otherwise.   Since  the  segment  heading is  along +Y d i r ec -  
t i o n ,   t h e   s i g n  of % is t h e   c o r r e c t   s i g n   f o r   t h e   c r o s s - t r a c k   e r r o r .  

53 



REFEMNCES 

1.  Kelly, James R. ; Niessen,  Frank R. ; Thibodeaux , J e r r y  J. ; Yenni,  Kenneth R. ; 
and  Garren,  John F. Jr.; F l i g h t   I n v e s t i g a t i o n  of Manual and  Automatic VTOL 
Decelerating  Instrument  Approaches  and  Landings. NASA TM D-7524, 1974. 

2 .  McConnell, Walter J. Jr.; Skutecki ,  Edmund R . ;  and  Calzado,  Alfonso J . :  
Development of t h e  NASA VALT Digi ta l   Naviga t ion  System. NASA CR 144894, 
September  1975. 

3 .  Niessen,  Frank R: A Low-Cost I n e r t i a l  Smoothing  System for   Landing 
Approach  Guidance. NASA TM D-7271, June  1973. 

54 NASA-Langley, 1976 CR-2734 


